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 The overall theme of the research reported in this dissertation was to discover and 
translate new genetic knowledge about genetic resistance of soybean cyst nematode (SCN). The 
research had three distinct projects. The first project addressed the hypothesis that there are no 
new QTL from alternate sources of SCN resistance.  Five families of Recombinant Inbred Lines 
(RILs) derived from novel sources of resistance for races 1, 2, 3, and 5 were developed to test the 
hypothesis.  The second and third projects addressed hypotheses based on the results of the first 
project.  The second project addressed the hypothesis that there was no difference between a 
Traditional Introgression Backcross Design and a design that used Integer Programming coupled 
with the Predicted Cross Value to introgress multiple QTL from multiple donors into one 
recipient line.  Criteria for comparing the two designs included cost, time and probability of 
success.  The third project is a preliminary assessment of three models to estimate the total 
number of QTL for SCN resistance. The models were adapted from models developed by 





CHAPTER 1. GENERAL INTRODUCTION 
 
Soybeans [Glycine max (L.) Merr] are an essential source of food, protein, and oil and are 
grown on 6% of the world’s arable land (Goldsmith 2008).  In the United States, soybeans are 
grown primarily as a row crop in high intensity agricultural production systems usually in 
rotation with corn.  In the corn-soybean agro-ecosystem producers use soybean as a secondary 
crop to reduce negative impacts from continuous corn production while maximizing profit from 
the two crops used in the rotation. Unfortunately, soybean seed yields can be reduced by 
pathogens, such soybean cyst nematode (SCN).  SCN is one of the most devastating pathogens 
known to soybean and has been estimated to cause $1.2 billion annual losses.  The reduction in 
yield can be undetected until harvest and result in up to a 30% yield loss.  Not only does it cause 
damage and loss to the producer’s field, once SCN infests a field it is too expensive to treat using 
nematicides.  There are ways to minimize the damage caused to soybeans from SCN, rotation of 
non-host crops and or replace susceptible varieties with ones that provide genetic resistance to 
the crop.    
At least 100 plant introduction accessions (PI) in the USDA germplasm collection have 
exhibited resistance to various races of SCN (Arelli, Wilcox et al. 1997), but only a few have 
been used for varietal development.  The resistant varieties can be categorized into two groups, 
the PI 88788 group, which includes PI 209332 and PI 548316, and a second group consisting of 
PI 90763, PI 89772, and PI 437654 (Luedders and Dropkin 1983; Colgrove and Niblack 2008).   
About 95% of the resistance that has been deployed in current varieties comes for PI 88788  
(Kurle, Malvick et al. 2019).  Unfortunately, the widespread use of this source of resistance has 




previously resistant soybean varieties as susceptible to the prevalent races in the field (Tylka 
2017).  If different sources of resistance were deployed in soybean varieties, it should slow down 
the changes in the race composition of the populations responsible for infestations.  
SoyBase (Grant, Nelson et al. 2010) curators have aggregated 81 reported quantitative 
trait loci (QTL) experiments for SCN resistance.  Of these 81 QTL experiments, the majority 
have been conducted on families created using sources of resistance to race 3 (30 of the 81), 
which is the most prevalent race in the Midwest (Figure 1).  Other races that have been used in 
QTL experiments include 1, 2, 5, 6, 9, and 14.    




 Resistant sources to these races that have been used as founding parents in the QTL experiments 
include M85-1430, Hartwig, PI 437654, Peking, PI 88287, PI 89772, PI 437654, PI 90763, PI 
88788, PI 209332, Forrest, PI 89008, PI 437655, and PI 567516C (Figure 2).  These sources can 
be categorized into two groups of resistance, the PI 88788 group, which includes PI 209332 and 






































Dropkin 1983; Colgrove and Niblack 2008). The first group has seven to ten copies of rhg1 and 
confers resistance to race 3 while the second group has one to three copies of rhg1 plus Rhg4 and 
also contributes resistance primarily to race 3 (Shi, Liu et al. 2015).   
 
Figure 2. The race composition of each evaluated parental line used in the 81 QTL 
experiment found in SoyBase (Grant, Nelson et al. 2010).   
 
Additional sources including PI 507354, PI 467312, PI 567516C, PI 89772 and PI 
494182 have been characterized as providing genetically distinct sources of SCN resistance.  The 
purpose of the first project of this dissertation was to discover novel QTL associated with 
resistance to races 1, 2, 3, and 5 in five families of Recombinant Inbred Lines (RILs) created by 
crossing these five additional sources of resistance with susceptible varieties ‘Williams 82’ and 
‘Hamilton’.  The results of the QTL discoveries are reported in Chapter 2, which has also been 
submitted to Crop Science for peer review.   
Rex Bernardo once said that the results of QTL experiments reside on library shelve 
rather than in improved cultivars (Bernardo 2008).  This is due in part to the complexity of 
designing efficient and effective breeding projects to introgress desirable oligogenic traits from 













traits.  Bernardo’s comment (Bernardo 2008) coupled with the results from a comparison of the 
QTL discovered in the first phase with previously discovered QTL motivated design of an 
effective and efficient breeding project to introgress resistance alleles at multiple QTL from 
multiple sources to produce an agronomically acceptable soybean variety with resistance to 
multiple SCN races. 
The traditional method for trait introgression is backcrossing (Fehr 1987).  The recipient 
is normally an elite homozygous line that has good agronomic characteristics and only needs a 
few alleles from the donor for improvement.  In this process of backcrossing one also wants to be 
able to recover the most of the recipient’s genome to ensure that all the good agronomic 
characteristics are inherited along with the donor traits of interest.  The way of backcrossing to 
recover the recipient genome is several generations of crossing the donor to the recipient, take 
the F1 progeny and then cross back to the recipient in the next generation.  This can happen for 
several cycles depending on the amount the recipient genome that needs to be recovered.  When 
the initial F1 is made each parent is 50%, the following generation, the recipient genome will 
equal 50% plus ½ of the donor genome, each time a back cross is made the donor genome is 
decreased by a half (Figure 3). 
An improvement to ensure efficiencies of the selections in backcrossing is to use marker 
assisted backcrossing (MAB) (Collard and Mackill 2008).  There are three types of MAB  which 
can be described (Holland 2004).  The first type of MAB is known as foreground selection 
(Hospital, Moreau et al. 1997), which is the use of markers to either replace or assist in screening 
for the targeted donor’s genomic region.  The second type of MAB is the process of using both 
linked flanking markers and a target locus marker.  This reduces the size of the donor 




genome is important because the introgression may adversely affect the performance of the 
recipient through a process known as linkage drag (Hospital 2005).  The third type of MAB is 
selecting the greatest proportion of the recipient genome and the trait of interest.   
 
      
Figure 3. Expected recovery of the recipient genome with each generation of backcrossing.  
  
 As plant breeders design and select new parents for introgression projects the objectives 
need to be clearly stated so that efficiency and effectiveness of introgression can be evaluated. 
We need to find ways to optimize our decision making in finding the best ways to use our 
resources, such as time and costs.  There is a discipline in applied mathematics that uses 
analytical methods to weigh the outcomes of competing objectives, known as operations research 
(OR), which dates back to the start of World War II (McCloskey 1987).  OR has been used in 
agriculture since the fifties giving insights on land allocation to integrated supply chain 
(Carravilla and Oliveira 2013).  In more recent years, OR has been applied to plant breeding.  In 














decisions, reducing the time and cost required to develop highly productive crops (Byrum, Davis 
et al. 2016).  
 To apply OR to an introgression project we can use cost, time and probability of success 
(CTP) as a framework to identify Pareto optimal solutions.  A Pareto optimal solution is a way to 
find a set of solutions that represent the trade-offs among the competing objectives and is named 
after the economist Vilfredo Pareto.  This is of value to plant breeding because evaluating trait 
introgression projects in this framework will allow the decision maker to make a rational 
decision about the costs of developing and releasing a new product before a competitor. 
 Studies have been used to evaluate trade-offs in the CTP framework for introgression of 
new traits into a recipient.  These studies have included a single allele from a single donor to a 
single recipient line (Peng, Sun et al. 2014; Peng, Sun et al. 2014; Cameron, Han et al. 2017).  
Another study used an algorithm to determine optimal matings for creating the next generation of 
progeny in a genomic selection program, called the Predicted Cross Value (PCV) (Han, Cameron 
et al. 2017).   Design of an effective and efficient project to introgress SCN resistance to multiple 
races is reported in the third chapter. 
When the results from the additional ten experiments conducted in the first phase of this 
dissertation are combined with the previous 81 experiments, a total of 229 QTL explaining 5% to 
52.7% of the phenotypic variance for SCN resistance have been reported in 91 experiments.  The 
QTL can be grouped into 63 distinct genomic regions.  In addition to prompting a breeding 
design study, the aggregated results from 91 experiments suggest that germplasm in the USDA 
collection will provide a limited number of genomic regions (QTL) associated with resistance to 




In 1994 Beavis (Beavis 1994) suggested that even with low power to identify QTL, it 
should be possible to estimate the total number of QTL for traits of interest using results from 
multiple QTL experiments.  The basis of his comment comes from the problem of estimating the 





where n is the number of QTL identified in a QTL experiment and p is the probability of identifying 
the QTL.  For example, if n=6 and p=0.1, such as we find in small samples of progeny (Beavis, 
1994), then N̂ 60= .  Since we do not know p, we need to estimate it.  Indeed, we need to recognize 
that there is no single value for p, rather that p can change from family to family and it can be 
different for each QTL segregating within each family.  The fourth chapter reports on a preliminary 




CHAPTER 2. QUANTITATIVE TRAIT LOCI FOR RESISTANCE TO SOYBEAN CYST 
NEMATODE RACES, 1, 2, 3, AND 5 
 
Haley R. Trumpy1 and William D. Beavis1 
1Deparment of Agronomy, Iowa State University, Ames IA, USA. 
 
Modified from a manuscript to be submitted to Theoretical and Applied Genetics 
Abstract 
Quantitative trait loci (QTL) were identified in ten experiments using five bi-parental 
families of Recombinant Inbred Lines (RILs).  Identification of QTL were based on associations 
between segregating single nucleotide polymorphism (SNP) loci and variable expression of 
resistance to Soybean Cyst Nematode (SCN) (Hetrodera glycines) races 1, 2, 3, and 5. Families 
of RILs were derived from crosses involving susceptible varieties ‘Williams 82’ and ‘Hamilton’ 
and plant introduction (PI) accessions that have been reported previously as sources of resistance 
to SCN. QTL were identified for each family using composite interval mapping (CIM) and 
multiple interval mapping (MIM).  Also, cyst counts were combined across families by race for 
genome wide association analyses (GWAS). Most of the identified QTLs are coincident with 
previously reported QTLs although three novel QTLs were identified using MIM and five novel 
QTLs were identified with the GWAS analysis of data combined across families. Two novel 
QTL associated with resistance to race 1 were located on chromosome 10.  A novel QTL 
associated with resistance to race 3 was located on chromosome 16. Four novel QTL associated 
with resistance to race 5 were located on chromosomes 2, 4 and 15 and a novel QTL associated 






Abbreviations: CIM, composite interval mapping; FDR, false discovery rate; FI, female index; 
LRR, leucine-rich repeat; MIM, multiple interval mapping; QTL, quantitative trait loci; RIL, 




Soybean cyst nematode (SCN) (Heterodera glycines) is a soybean [Glycine max (L.) 
Merr] pest that has been estimated to reduce yields by 128.6 million bushels per year (Wrather 
and Mitchum 2018).  SCNs affect yield by feeding on the plant roots and retarding their growth 
and development.  Once the soil is infested with SCNs, it is not feasible to remove the pest.  One 
way to reduce SCN damage is to rotate soybeans with non-host crops. Also damage can be 
mitigated by replacing susceptible soybeans varieties with resistant varieties. Both strategies 
have been employed to manage nematode populations.   
There are more than 100 plant introduction accessions that have demonstrated resistance 
to various races of SCN (Arelli, Wilcox et al. 1997), but only a few have been used for varietal 
development.  These include PI 548402 (Peking), PI 437654, PI 209332, PI 90763, and PI 
88788, which is heavily used in by soybean breeders in the Midwest (Diers and Arelli 1999).  All 
of these sources can be categorized into two groups of resistance, the PI 88788 group, which 
includes PI 209332 and PI 548316, and a second group consisting of PI 90763, PI 89772, and PI 
437654 (Luedders and Dropkin 1983; Colgrove and Niblack 2008). The first group has seven to 
ten copies of rhg1 and confers resistance to race 3 while the second group has one to three copies 
of rhg1 plus Rhg4 and also contributes resistance primarily to race 3 (Shi, Liu et al. 2015). Both 
of these alleles have been cloned (Hauge, Wang et al. 2006). Also, note that depending upon the 




2005).  The use of limited sources of resistance have resulted in  changes to compositions of 
races in field populations of SCN (Colgrove, Smith, et al., 2002) and emergence of SCN damage 
to varieties that use these two primary genetic sources of resistance (Tylka 2012).   
There have been 34 peer reviewed publications of 81 QTL experiments on SCN 
resistance with results aggregated in SoyBase (Grant, R.T. Nelson et al. 2010).    These studies 
used M85-1430, Hartwig, PI 437654, Peking, PI 88287, PI 89772, PI 437654, PI 90763, PI 
88788, PI 209332, Forrest, PI 89008, PI 437655, and PI 567516C, which provided resistance to 
SCN races 1, 2, 3, 5, 6, 9, and 14.  Of the 81 SCN QTL experiments curated in SoyBase, 30 
included inoculation of soybean plants with race 3, the most prevalent race in the Midwest.  
While the resistance sources and SCN races varied among studies, similar methods have been 
used.  These methods consist of inoculating plants with a single race and resistance and 
susceptibility are quantified by counting cysts on the roots.  Cyst races are verified using the 
female index (FI) for the rating of susceptibility (Golden 1970).  Because QTL studies have been 
conducted over 30 years several marker systems have been employed: restriction fragment length 
polymorphisms, microsatellite markers (short tandem repeats), amplified fragment length 
polymorphisms, and single nucleotide polymorphisms.    In total 203 QTL explaining 5% to 
52.7% of the phenotypic variance have been identified, although the QTL can be grouped into 63 
overlapping genomic regions.  In addition to QTL encompassing candidate genes rhg1 on 
chromosome 18 and Rhg4 on chromosome 8, numerous QTLs have been associated with 
resistance to various SCN races on 19 chromosomes. Chromosome 2 (D1b) has no reported QTL 
for SCN variability.      
Additional Plant Introduction accessions (PI’s) have been characterized with both 




507354, PI 467312, PI 567516C, PI 89772 and PI 494182.  Of these, PI 507354 and PI 467312, 
are resistant to races 3, 5, and 14  (Lu, Shannon et al. 2006) while PI 567516C provides 
resistance to race 1, 2, and 3 (Xie, Arelli et al. 1998).  PI 567516C appears to be genetically 
unique relative to PI 88788 and Peking (Chen, Wang et al. 2006).  PI 89772 has been 
demonstrated to be resistant to races 1, 2, 3, 5 and provide moderate resistance to race 4.  PI 
89772 appears to provide a resistance profile similar to Peking, but is genetically distinct from PI 
88788 and Peking (Diers, Skorupska et al. 1997). PI 494182 is genetically dissimilar to PI 88788 
and Peking (Chen, Wang et al. 2006) and has been shown to provide resistance to races 1, 3, and 
5. It is possible that these novel sources of resistance will provide alleles that segregate in 
previously unidentified genomic regions, i.e., provide novel QTL.   
We hypothesized that development of RILs from crosses between susceptible varieties 
with the five PI accessions described in the previous paragraph will reveal novel QTL.  If these 
PIs provide unique resistance alleles at novel QTL, then they could be used to develop varieties 
with novel SCN resistance and contribute to varietal management strategies to reduce losses 
from SCN.   
The objective of the research reported herein was to identify and report novel QTL 
associated with variability for numbers of cysts formed on roots by races 1, 2, 3, and 5. To test 
the hypothesis, five families of RILS were created by self-pollinating progeny created by 
crossing susceptible varieties Williams 82 or Hamilton with PI 567516C, PI 467312, PI 507354, 
PI 494182 or PI 89772 (Table 1) resulting in 10 QTL experiments.  QTL were identified 
independently by race in each family using composite interval mapping (CIM) and multiple 
interval mapping (MIM).  Also, data combined across multiple families infected with the same 




Table 1. Families of recombinant inbred lines used to identify quantitative trait loci 
characterized by Soybean Cyst Nematode (SCN) races, relative maturity of each family, the 
generation used for phenotype and genotype screening and the number of RILs evaluated in 
each family. 
Family Race Relative 
Maturity 
Generation Number of 
RILs 
Hamilton x PI 507354 1, 3, 5 I F3:4 270 
Williams 82 x PI 
567516C 
1, 3, 5 IV F4:5 284 
Williams 82 x PI 
467312 
3, 5 II F4:5 279 
Hamilton x PI 89772 2 IV F2:3 286 
Syn 1 x PI 494182 5 0 F3:4 312 
Materials and Methods 
Families of Recombinant Inbred Lines (RILs) 
Five families of RILs were derived from crosses of either Williams 82, or Hamilton to 
five PIs that had previously shown resistance to several SCN races (Table 1).  All five families of 
RILs should segregate for resistance to race 5, three of the families should segregate for 
resistance to race 3, two of the families should segregate for resistance to race 1 and one of the 
families should segregate for resistance to race 2.  In total these represent ten QTL experiments. 
The F1 generation for all five families were created in Arica, Chile and genotyped with a 
set of markers to confirm that the seed were not obtained by self-pollination of the female parent.  
The F1 seed was grown and allowed to self-pollinate.  RIL’s derived from Hamilton x PI 89772 
were derived in the F2 generation. F2:3 seeds in this family were used for both genotyping and 
phenotyping.  RIL’s derived from Hamilton x PI 507354 and Syn 1 x PI 494182 were obtained 
by single seed descent and F3:4 seeds were used for both genotyping and phenotyping.  RIL’s 
from Williams 82 x PI 567516C and Williams 82 x PI 467312 were derived by single seed 
descent through three generations and F4:5 seeds were used for both genotyping and phenotyping.  




and RIL’s that were screened for Race 1 were evaluated at a service facility for SCN screening in 
Carroll, IA.   
Seeds from each RIL were planted in seven greenhouse pots and thinned to a single plant 
per pot.   Prior to inoculating the greenhouse pots, leaves from each plant were sampled, frozen 
and shipped to a molecular marker service facility in Slater, IA for DNA extraction and 
genotyping. After growth and development of plants achieved the VE to VC stage, they were 
inoculated with a single race of SCN.   Assays for SCN resistance consisted of counting numbers 
of cysts on the roots of individual plants 28 to 35 days after inoculation.  Assays also were 
conducted on seven plants sampled from each family’s founders.  Occasionally, individual plants 
died prior to counting cysts on the roots.  Total numbers of cysts per derived line or founder were 
divided by the number of plants that were assayed by each race. 
Methods for Inoculation and Counting SCN Cysts  
  At Bay, AR, RILs derived from Williams 82 x PI 567516C, Williams 82 x PI 467312 and 
Hamilton x PI 507354 were inoculated with races 3 and 5, RILs derived from Syn 1 x PI 494182 
were inoculated with race 5 and RILs derived from Hamilton x PI 89772 were inoculated with 
race 2.  Inoculations were conducted on individual plants grown in conical tubes, (size 22. 5 cm 
tall by 3 cm in diameter) that were filled with approximately 135 mL sandy field/greenhouse 
soil.   To ensure no soil was lost from the cone planters, a piece of fiber paper was placed in the 
bottom prior to filling the tubes.  Soil consisted of two parts soil previously used to screen the 
same SCN race to one part pasteurized field soil that was collected from a field site at the Bay, 
AR research station.  Previously used soil contributed an unquantified number of SCN 
cysts/eggs, which were then manually increased with a quantified number of eggs (described 




The filled conical tubes were then placed in trays for support.  They were labeled with 
entry number, replicate number, SCN race, planting date and inoculation date.  On the day of 
planting, two to three seeds from each RIL were planted at a depth of 1 cm. If the seed had a 
black seed coat or had a hard seed coat, they were scarified with sand paper prior to planting.  
For each assay, experimental RILs, plus nine soybean race and Heterodera glycines (HG) 
differentials (controls) were planted (Supplemental Table S1).  
  After seed germination, approximately 2 to 4 days post-planting, the cones were thinned 
to one seedling per cone.  During the VC stage (5 to 7 days post-planting) probes with the 
approximate size of 8 mm in diameter, 25 mm deep; were used to create a hole equidistant 
around each seedling, to be used for inoculation.  SCN eggs were produced on PI 88788 host 
plants to be used in each assay and were collected on the day of inoculations.  SCN inoculum 
was prepared by washing the SCN cysts off the host soybean roots and the cysts were 
mechanically crushed to release the eggs that were captured on a 500-mesh sieve screen.  The 
eggs were then suspended in tap water. Three mL of the water with suspended eggs were applied 
per cone, using a precision chambered counting slide on a microscope.  The eggs were counted 
in each of the three 0.1 mL samples.  The average number of eggs was obtained by taking the 
count and multiplying by 30 to estimate the total number of eggs used to inoculate each cone. 
Conical tubes were inoculated using a 1,000 uL Pipetteman®, by pipetting 1 mL of egg 
suspension per hole.  To suspend the eggs during the inoculation period, the contents were stirred 
every minute.  For all assays conducted at Bay, AR, the range of SCN eggs applied per conical 
tubes and per assay, varied from 1,200 to 2,750 eggs (Supplemental Table S2).  After 
inoculation, soil was added to each conical tubes to fill in holes left by the probe to increase soil 




were distributed onto greenhouse benches using a randomized complete block design.  The 
greenhouse was maintained at approximately 27 C (+/- 5 C) with a photoperiod of 16L: 8D.  
Because SCNs prefer relatively dry soil conditions, spot watering of the conical tubes was 
utilized to assure growing conditions were favorable for the SCNs.  
Before counting cysts on the roots, soil was allowed to dry slightly to facilitate removal 
from conical tubes.  The soil was removed from each root mass by shaking the plant gently along 
with gentle manipulation of the roots to separate roots from soil and assure that no cysts were 
dislodged from the roots.  Each plant’s roots were evaluated by counting the SCN females, 
which are visible to the naked eye.  Counted cysts per plant were used in the calculation of 
average number of cysts per line.   
At the Carroll service facility, the inoculation methods were slightly different than those 
described for the Bay service facility (see Supplementary Table S2 for a summary of the 
methods used at each facility).  At Carroll, RILs derived from Hamilton x PI 507354 and 
Williams 82 x PI 567516C were inoculated with race 1. Soybean seeds were germinated by using 
moist germination papers, for 4-5 days.  After the seedlings sprouted with a radicle length of 1-3 
cm, each was transplanted to conical tubes.  The soil used for the experiment was a pasteurized 
soil and sand mixture.  One day following the transplant, each plant was inoculated with 3,000 
SCN eggs.  After inoculation, conical tubes were randomized and transferred to buckets 
containing sand.  The buckets were then placed into a water bath maintained at 28 degrees 
Celsius in the greenhouse.  The purpose of the water bath was to maintain the soybean root 
system at 28 degrees Celsius (+/- 2 degrees Celsius).  
At the Carroll service facility, inoculated plants were uprooted and most soil/sand was 




filled with water for two minutes.  Cysts were washed off roots by placing the root system on top 
of a #30 sieve screen stacked on top of a #60 sieve screen. Each plant was turned during the 
washing process to remove all cysts that were collected on the #60 sieve screen.  Cysts were 
transferred from the screen to a pre-labelled 50 mL plastic cup by a gentle stream of water.  Each 
cup was covered and placed in the refrigerator to prevent fungal contamination.  Using a 
dissection microscope at 10X to 30X magnification the cysts were counted and recorded. Three 
susceptible varieties, Lee 74, Essex and Williams 82, were used for calculation of the female 
index (FI).  SCN races were verified by comparing the female index of the differential lines 
(Riggs and Schmitt 1988).  The female index was calculated by using the average number of 
cysts counted on Essex, a susceptible check (Golden 1970):   
female index = (
Average Number of Cysts on line
 Average Number of Cysts on Susceptible Check (Essex)
)  × 100 
DNA Extraction and Genotyping 
Frozen leaf tissue from each family’s founders and derived RILs were placed in a 96-well 
plate.  A modified protocol was used to extract DNA from plant tissue (Webb and Knapp 1990).  
After the DNA was extracted, the plates were shipped to Illumina® and scored using 3K 
Illumina Golden Gate chip (https://www.illumina.com/).  The genotypic scores were then 





Identification of QTL 
Linkage maps associated with segregating markers in these five families were 
reconstructed using rapid chain delineation (Doerge 1996) with the Haldane mapping function.  
Both composite interval mapping (CIM) and multiple interval mapping (MIM) were used to 
detect the QTL for each family.  CIM was conducted as a preliminary analysis to identify 
potential QTLs.  MIM was applied to remove QTL that did not explain phenotypic variability 
previously explained by other QTL.  Also, data were combined across related families for 
networked association mapping analyses to take advantage of linkage disequilibrium among 
segregating progeny within families and among related families (Guo, Wang et al. 2013). 
  For CIM and MIM the QTL-marker associations were identified using QTL Cartographer 
v1.17 (Zeng 1994; Kao, Zeng et al. 1999; Basten, Weir et al. 2004).  For CIM, Model 6 with 
cofactors and a window size of 10 cM was applied. The LOD score to determine if a QTL was 
significant was 3.0 and is associated with a false discovery rate (FDR) of 0.04.  The model for 
the MIM (Kao, Zeng et al. 1999; Basten, Weir et al. 2004) is: 
𝑦𝑖 =  𝜇 +  ∑ 𝛼𝑟𝑥𝑖𝑟



























However, after testing for epistatic interactions, we found that none were significant, so the 
model was modified to: 









The “walking speed” for searching QTLs was 1.0 cM for both CIM and MIM models.  The final 




determine the specific position of the QTL.  Next, the positions of the QTL were refined, but 
only in the interval where the QTL was located.  Next, each QTL was evaluated in the initial 
model for significance at an arbitrary 0.05 threshold.   The process continued with a backward 
elimination procedure, which removed parameters that did not improve the fit of the model.  
Next the genome was searched again for additional QTL by using a forward selection procedure.  
The forward selection, scanned the genome and if it resulted in a significant improvement, new 
QTL were added to the model.  Parameter estimates were obtained using the final MIM model.   
Analyses of Combined Data 
Data were combined across families that were evaluated for race 1, race 3 and race 5.   
Explicitly, genotypic and phenotypic data for RILs derived from Hamilton x PI 507354, 
Williams 82 x PI 567516C, and Williams 82 x PI 467312 had race 3 phenotyping in common 
and were combined. For race 1, RILs derived from Hamilton x PI 507354 and Williams 82 x PI 
567516C were combined for analysis.  Also, Hamilton x PI 507354, Williams 82 x PI 567516C, 
Williams 82 x PI 467312, and Syn 1 x PI 494182 had race 5 phenotyping in common and data 
were combined and analyzed.   
For analyses using combined data sets the kinship coefficient matrix (K) was estimated 
by the fraction of shared alleles (Zhao, Aranzana et al. 2007) and the structure model (Q), was 
calculated by using Eigensoft (Patterson, Price et al. 2006; Price, Patterson et al. 2006).  The 
combined analyses for marker trait associations was conducted using TASSEL 4.0 (Bradbury, 
Zhang et al. 2007).   
Comparison of QTL with Previously Identified QTL  
Identified QTL were compared with genomic locations of QTLs reported for SCN 




genomic regions of each of the flanking markers for QTLs that we identified using MIM were 
compared to the 63 overlapping SCN resistance QTLs curated in SoyBase.  Fifty-six of the QTLs 
previous reported were based on marker trait associations rather than QTL with flanking 
markers.  Because most studies that utilize MIM to identify QTL resolve the locations to less 
than 10 cM regions, we arbitrarily defined 8 cM genomic regions around the flanking the marker 
trait associations in the 56 previous publications as regions as a QTL.  If genomic regions 
defined by flanking QTL overlapped with QTL regions described SoyBase, they were considered 
coincident with a previously identified QTL.   
Possible Candidate Genes within QTL Regions 
The genomic location of identified QTL peaks were established.  Twenty thousand base 
pairs adjacent to these genomic locations were then searched for gene models. Gene models 
annotated in Glyma 2.0 in SoyBase (Grant, Nelson et al. 2009) were designated as candidate 
genes if they were annotated or previously reported in the literature as providing SCN or disease 
resistance.   
Results  
QTL Identified using Composite Interval Mapping 
The CIM results were used as a preliminary set of possible QTLs in the RILs derived 
from bi-parental crosses.  QTLs were identified using CIM on chromosomes 1, 2, 3, 4, 5, 8, 10, 




Table 2. Results of composite interval mapping (CIM) for QTL with resistance to four SCN 
races in five families of RILs. QTL positions are designated by chromosome location, and 
genetic location (cM) of flanking markers. The estimated additive effects are represented 
by the average change in number of cysts associated with the allele from the resistant 
parent.  The estimated phenotypic variance associated each QTL is presented as a 
percentage. 

















5 Syn 1 x PI 494182 2: 136-204: 
49905728-51243101 
-13 7 





2 Hamilton x PI 89772 4: 23-31: 5959539-
6875792 
-5 3 





1 Hamilton x PI 507354 8: 0-3: 8282902-
8568196 
-14 9 















1 Hamilton x PI 507354 16: 187-237: 
422074-4924567 
-12 8 
3 Hamilton x PI 507354 16: 187-237: 
422074-4924567 
3 3 















5 Hamilton x PI 507354 18: 1-8: 977112-
1735950 
-3 4 
5 Syn 1 x PI 494182 18: 3-5: 1050746-
1229025 
-11 7 
1 Hamilton x PI 507354 18: 7-17: 1712035-
2885894 
-15 8 







As with many previous QTL studies, CIM analyses identified QTL in the region of rhg 1.  
For example, RILs derived from Williams 82 x PI 567516C were associated with resistance to 
races 1 and 5 in the proximal region of chromosome 18.  Also, RILs derived from Hamilton x PI 
507354 provided alleles that were associated with variability for resistance to races 1, 3 and 5.  
Another QTL found on chromosome 16 using RIL’s derived from Hamilton x PI 507354 was 
associated with resistance to both race 1 and 3.  On chromosome 10 two overlapping QTLs were 
associated with variability for race 1 cyst counts in RILs derived from Williams 82 x PI 
567516C. On chromosome 16 a QTL associated with variability in cyst counts from both race 1 
and 3 among RILs derived from Hamilton x PI 507354.  On chromosome 18 there were two 
overlapping QTLs, one associated with variability in cyst counts from races 1 and 5 and one 
associated with variability in cyst counts from race 1 and 3 among RILs derived from Hamilton x 
PI 507354.   
Two QTLs located on chromosomes 1 and 3 were associated with variability in cyst 
counts from race 3.  Two QTLs associated with variability for cyst counts from race 5 were 
identified one on chromosome 5 in the Williams 82 x PI 467312 family and a QTL on 
chromosome 2 was identified in family Syn 1 x PI 494182.  A QTL located on chromosome 8 
was associated with variability for cyst counts in the presence of race 1 for family Hamilton x PI 
507354.  RILs derived from Hamilton x PI 89772 enabled identification of a QTL for race 2 on 
chromosome 4.   
QTL Identified using Multiple Interval Mapping 
Results from MIM analyses identified 11 distinct QTL for counts of cysts among RILs 
representing five soybean families (Table 3). The inconsistency between QTL identified using 




individual QTL in the CIM model.  Identified QTLs using MIM explained up to 6.5% 
phenotypic variance for races 1, 2, 3, and 5 on chromosomes 1, 2, 3, 4, 5, 8, 10, 13, 16, 17, and 
18. (Table 3).  Seven of the 81 previously reported experiments utilized MIM and one reported 
results from both CIM and MIM.   
The best model for race 1 cyst count variability among RIL’s from Hamilton x PI 507354 
consisted of one QTL, located on chromosome 8 and accounted for 7% of the phenotypic 
variance.  The best model for race 3 cyst counts among RIL’s derived from Williams 82 x PI 
467312 consisted of one QTL located on chromosome 13 and accounted for 3% of the 
phenotypic variance.  Two single QTLs identified with RIL’s derived from Williams 82 x PI 
567516C located on chromosomes 1 and 3 were associated with resistance to race 3.  One single 
QTL on chromosome 2 was associated with variability among cyst counts for race 5 among 
RIL’s derived from Syn 1 x PI 494182.  On chromosome 4, an allele associated with resistance 
to race 2 was detected using RILs derived from Hamilton x PI 89772.   On chromosome 10 there 
were two QTLs associated with variable race 1 cyst counts among RILs derived from Williams 
82 x PI567516C.  On chromosome 16, the QTLs associated with variable cyst counts from race 1 
and 3 were identified with RIL’s derived from Hamilton x PI 507354.  On chromosome 18 six 
QTLs found.  Of the six, alleles from Williams 82 x PI 567516C were associated with resistance 
to races 1 and 5 on two QTL with overlapping genomic regions.  RIL’s derived from Hamilton x 
PI 507354 and infected with races 1 and 3 identified a QTL on chromosome 18 at location 16 cM 
from the proximal end.  Two PIs, PI 507354 and PI 494182 provided alleles associated with 






Table 3.  Quantitative trait loci (QTL) identified using Multiple Interval Mapping for 
resistance to races 1, 2, 3, and 5 of soybean cyst nematode (SCN) in five families of 
recombinant inbred lines (RILs).  QTL positions are designated by chromosome and 
genetic location (cM) of flanking markers. The estimated additive effects are represented as 
the average change in number of cysts associated with the allele from the resistant parent.  
The estimated phenotypic variance associated each QTL is presented as a percentage. 
Race Family QTL position  
(chromosome: cM 
of flanking 







3 Williams 82 x PI 567516C 1: 84-92: 3721059-
4144585 
2 3 




3 Williams 82 x PI 567516C 3: 30-32: 7789580-
22661939 
-2 2 
2 Hamilton x PI 89772 4: 23-31: 5959539-
6875792 
-2 3 
1 Hamilton x PI 507354 8: 0-3: 8282902-
8568196 
-13 7 












1 Hamilton x PI 507354 16: 187-237: 
422074-4924567 
-11 5 




3 Williams 82 x PI 567516C 17: 0-41: 2500159-
7756055 
-2 3 








5 Hamilton x PI 507354 18: 1-8: 977112-
1735950 
-3 4 
5 Syn 1 x PI 494182 18: 3-5: 1050746-
1229025 
-7 4 
1 Hamilton x PI 507354 18: 7-17: 1712035-
2885894 
-13 7 







Using  MIM we found single QTL associated with variability in cyst counts when RILs 
derived from Hamilton x PI 89772, Williams 82 x PI 467312, Williams 82 x PI 567516C, 
Hamilton x PI 507354 and Syn 1 x PI 494182were infected  race 2, 3 and 5.  PI 5676516C did 
provide alleles for QTL on chromosome 18 that provided resistance to both races 1 and 5.  
PI507354 provided alleles with the most broad spectrum resistance to races 1, 3, 5 at QTL 
located on chromosome 18.   
Genome Wide Association Analyses  
Cyst counts of race 3 and genotypic data for RIL’s derived from Hamilton x PI 507354, 
Williams 82 x PI 567516C, and Williams 82 x PI 467312 were combined and a GWAS analysis 
identified QTL located on chromosomes 16 (1 QTL) and 18 (2 QTL) (Table 4).  There were six 
QTL that were detected with both CIM and MIM, however, none of these were identified in 
more than one family.  The MIM identified QTLs located on chromosomes 1, 3, 13, and 17 were 
not segregating in all three families, so were likely accounted for in the population structure and 
did not account for additional variability in cyst counts in the GWAS analysis.  The three QTL 
that were identified with the GWAS analysis were due to associations with segregation in the 
regions of families after structure was accounted for.   
The QTL located on chromosome 18 at 17 cM was also detected in the MIM results for 
RILs derived from the bi-parental cross of Hamilton x PI 507354.  This region must have been 
segregating for both markers and phenotypes in other families, although it did not account for a 
significant amount of the cyst count variability among RIL’s within the individual families.  
When data were combined across families, power for detection was increased and resulted in 




Table 4. Genome wide association (GWAS) for race 3 cyst counts on RILs derived from 
Hamilton x PI 507354, Williams 82 x PI 567516C, and Williams 82 x PI 467312.  The 
marker locations of each QTL are indicated by chromosome number and distance in cM 













16: 52: 4924567 -4 0.01 2.2 
18: 17: 1735950 -4 0.01 2.2 
18: 191: 56339001 3 0.03 1.8 
 
Cyst counts of race 5 and genotypic data for RIL’s derived from Hamilton x PI 507354, 
Williams 82 x PI 567516C, and Williams 82 x PI 467312 were combined and a GWAS analysis 
identified QTL located on chromosomes, 4, 10, 15, and 18 (Table 5).  QTL located on 
chromosome 18 at 4 cM was also found in the MIM analysis with the RILs derived from, 
Hamilton x PI 507354, Williams 82 x PI 567516C, and Williams 82 x PI 467312 associated with 
resistance to race 5.  The QTLs that were detected on chromosome 16 at 52 cM and on 
chromosome 18 at 191 cM were not detected in the MIM analysis.  The five QTLs that were 
identified for race 5 from the GWAS analysis, but not detected in the MIM suggest that these 
associations existed in multiple families, but were below an arbitrary threshold used in the CIM 





Table 5. The results of the genome wide association (GWAS) for the analysis of cyst counts 
on RIL’s derived from Hamilton x PI 507354, Williams 82 x PI 567516C, and Williams 82 x 
PI 467312 and infected with SCN race 5.  The marker locations of each QTL are indicated 
by chromosome number and distance in cM from the proximal end.  Estimated additive 
effects are for the allele from the resistant parents.  
QTL Position 
(chromosome 
and location in 








4: 53: 6616834 -2 0.09 0.011 
10: 213: 46788615 1 0.07 0.012 
15: 59: 7030013 -1 0.07 0.012 
15: 150: 24823031 4 0.06 0.012 
18: 4: 650979 4 0.001 0.022 
18: 211: 57442232 2 0.09 0.010 
Comparison of QTL with Previously Reported QTL 
Three novel QTLs were identified using MIM and five novel QTLs were identified using 
GWAS. These included two novel QTL associated with resistance to race 1 located on 
chromosome 10 (Table 3), a novel QTL associated with resistance to race 3 located on 
chromosome 16 (Table 4), four novel QTL associated with resistance to race 5 located on 
chromosome 2, 4 and 15 (Tables 3 and 5) and a novel QTL associated with resistance to both 
races 3 and 5 located on the distal arm of chromosome 18 (Tables 4 and 5).  
The majority of QTLs reported in Tables 3, 4 and 5 have been previously identified and 
reported in SoyBase (Grant, Nelson et al. 2010).  Previously reported QTL studies utilized 
Hartwig, Peking, Bell, Forrest, PI 437654, PI 89772, PI 438489B, PI 90763, and PI 567516C as 
sources of resistance alleles.  Of these Bell is likely a source of the same resistance alleles as 
those in PI 88788 because Bell is a cultivar derived from PI 88788 (Glover, Wang et al. 2004).  
Resistant lines and varieties related to PI88788 are likely to provide resistance alleles through the 




consisting of PI 437654, PI 89772, and PI 90763 are likely to provide resistance alleles at both 
rhg1 and Rhg4 loci in the proximal region of chromosome 18 and chromosome 8, respectively.     
The identified QTL for resistance to race 3 on chromosomes 1, 3, and 17 were found 
using progeny from Williams 82 x PI 567516C.  These QTL overlap with QTLs designated as 
SCN 39-6 on chromosome 1 (Wu, Blake et al. 2009), SCN 44-5 on chromosome 3 (Jiao, Vuong 
et al. 2015), and both SCN 38-6 and SCN 16-1 on chromosome 17 (Schuster, Abdelnoor et al. 
2001; Chang, Dong et al. 2011).  The QTL with a resistance allele for race 1 on chromosome 8 
using RILs from Hamilton x PI 507354 overlaps with QTL designated SCN 19-1 in SoyBase 
(Yue, Arelli et al. 2001), SCN 36-1, and SCN 36-2 (Vuong, Sleper et al. 2011).  QTL identified 
using RILs derived from  Hamilton x PI 89772 for resistance to race 2 located on chromosome 4  
overlapped with a QTL designated as SCN 44-5 in SoyBase (Jiao, Vuong et al. 2015).   
Candidate Genes  
 
Some of the QTL detected in the MIM analysis and combined GWAS were not 
associated with any gene models for candidate genes (Table 6).  QTL that do have gene 
Table 6.  List of QTL that do not have gene models associated with SCN resistance.  This 
table includes the race, family and QTL position: chromosome and marker positions in 
both cM and base pairs. 
Race Families QTL Position 
1 Hamilton x PI 507354 16: 187-237: 422074-4924567 
3 Williams 82 x PI 567516C 1: 84-92: 3721059-4144585 
3 Williams 82 x PI 567516C 3: 30-32: 7789580-22661939 
3 Williams 82 x PI 467312 13: 131-139: 30861717-32207592 
3 Hamilton x PI 507354 16: 187-237: 422074-4924567 
3 Williams 82 x PI 567516C 17: 0-41: 2500159-7756055 
3 Combined GWAS 16: 52: 4924567 
3 Combined GWAS 18: 191: 56339001 
5 Combined GWAS 4: 53: 6616834 
5 Combined GWAS 15: 59: 7030013 
5 Combined GWAS 15: 150: 24823031 




models and are annotated with descriptions that could be associated with SCN resistance are 
provided in Table 7.  Within the chromosome 1 region there is a gene model Glyma.01g035800 
for a leucine-rich repeat (LRR).  LRR proteins play a role in plant defenses and include a 
significant role for resistance to nematodes (Jones and Jones 1997).  The gene model, 
glyma.03g056600 is located on chromosome 3 and is annotated as replication factor A 
(Torkamaneh, Laroche et al. 2018).  Replication factor A is important to plants to aid in 
efficiency in DNA repair and recombination (Longhese, Plevani et al. 1994).  On chromosome 
17 there are several gene models of interest, glyma.17g035400, glyma.17g057100, 
glyma.17g074000, and glyma.17g042300 that are located between 73 and 108 cM.  These gene 
models are associated with the family of WRKY proteins, which are involved in plant response 
to biotic stress and potential increase the resistance to SCN (Yang, Zhou et al. 2017). 
Table 7.  List of candidate genes for QTL identified by MIM.  The table includes the race, 
family, QTL position: chromosome and flanking positions both cM and base pairs, gene 
model, and description of annotation.   
Race Family QTL Position Gene Model Description 




glyma.02g284300 Growth repressor and 
tolerance to drought, heat, 
and salinity 




glyma.04g078800 Tetratricopeptide repeat 
protein (SNAP gene family: 
SCN resistance) 




glyma.08g110200 CCA1-like proteins- plant 
responses to stress 




glyma.10g208300 seed coat development 













Leucine rich repeat receptor 
like kinases 












The gene model that corresponds to the QTL for resistance to race 1 on chromosome 8 is 
glyma.08g107700, which is near Rhg4, is a known resistance gene for SCN resistance (Lightfoot 
2002).  Within the QTL region on chromosome 4 is a gene model glyma.04g079600 for a BURP 
containing protein family.   BURP protein families contain the following members, BNM2, USP, 
RD22, and PG1β and is found in the C-terminal protein domain. These play a diverse role in 
plant development and stress responses (Wang, Wu et al. 2015).  The gene model that 
corresponds to the QTL on chromosome 2 is glyma.02g284300.  This gene model plays a role in 
negative regulation of growth repressors and key genes involved in gibberellin, brassinosteroid 
biosynthesis and senescence (Wu, Deng et al. 2009; Shahnejat-Bushehri, Tarkowska et al. 2016).  
Besides the developmental functions, it also plays a role in promoting tolerance to drought, heat, 
and salinity (Wu, Allu et al. 2012; Shahnejat-Bushehri, Tarkowska et al. 2016; Ebrahimian-
Motlagh, Ribone et al. 2017). 
A gene model designated as glyma.08g110200, which is CCA1-like proteins (Bian, Jin et 
al. 2017) was found in the region of a QTL on chromosome 8 identified using RILs derived from 
Hamilton x PI 507354. CCA1-like proteins are key players in regulatory networks that underlie 
plant growth and development, as well as plant stress responses.  Among other candidate genes 
within QTL regions Rhg4 and rhg1 on chromosomes 8 and 18 were identified from the following 
crosses Hamilton x PI 507354, Williams 82 x PI 567516C, Williams 82 x PI 467312 and Syn 1 x 
PI 494182.  These are both known for SCN resistance, which are used in current SCN resistant 
varieties.  There were also a couple of gene models detected near rhg 1, glyma.18g023500 and 
glyma.18g023600, which are known LRR receptor like kinases and a laccase the provide partial 
resistance to both SCN and sudden death syndrome (Chang, Roth et al. 2018).  A 




Two novel QTL on chromosome 10 were identified using the progeny of Williams 82 x 
PI 567516C.  These two QTL detected resistance to race 1.  The first QTL is located between 
260 and 265 cM and is associated with the gene model glyma.10g208300 (Du, Wang et al. 
2017), while the second QTL is between 268 and 294 cM.  There are two gene models in this 
genomic region, glyma.10g254000 and glyma.10g254100.  None of the gene models have been 
annotated as having disease resistance functions.  Further investigation needs to be done to 
determine if these three gene models may provide SCN resistance or if there are other gene 
models in the novel QTL regions that could be implicated for SCN resistance.    
From the MIM analyses, a novel QTL region (Table 7) associated with a candidate gene 
on chromosome 2 was identified using progeny from Syn 1 x PI 494182 to detect resistance to 
race 5.  This region of interest is importance because it shares similarities to the NAC 
transcription factor family and more specifically JUB1 which plays a role in stress responses 
(Melo, Fraga et al. 2018).  Unique QTLs were found in the GWAS analyses for race 3 and race 
5.  On chromosome 4, gene model glyma.04g078800 is homologous to a Tetratricopeptide repeat 
(TPR) protein in Arabidopsis.  It is known that the TPR proteins are part of the Soluble NSF-
Attachment Protein (SNAP) gene family and are connected to SCN resistance (Lakhssassi, Liu et 
al. 2017).  Rhg1 was also discovered for Race 5 on chromosome 18.    
Discussion 
The primary objective of the research was to identify, and report QTL associated with 
SCN resistance from novel germplasm resources.  Most of the identified QTL were in regions 
that had previously been published (Grant, Nelson et al. 2010) suggesting that there is a limit to 
the number of QTL associated with SCN resistance.  If the QTL are reported and entered into a 




QTL associated with variability for the trait of interest (Beavis, 1994).  Repeated and reported 
QTL experiments are similar to sampling balls in an urn, marking the sampled balls, returning 
them to the urn, shaking the urn and then resampling the balls.  The proportion of balls that are 
marked in the resampled sets can be used to estimate the total number of balls in the urn 
(Darroch, 1958).  The analogy is not directly transferable to repeated QTL experiments because 
there are a number of assumptions in the balls in an urn problem.  Many of the assumptions have 
been relaxed in models used by ecologists to estimate abundance of a species in a habitat (Otis, 
Burnham et al. 1978) and our future research will evaluate whether these models can be applied 
to estimate the number of QTL associated with variability of responses to SCN infections. 
A more practical implication of the results is that it may be possible to combine the 
resistance alleles at multiple QTL to provide future soybean varieties with resistance to multiple 
races of SCN.  Because there are more than one QTL needed for resistance to multiple races of 
SCN, what is the best strategy to introgress alleles at multiple QTL from multiple sources?   
Design of breeding systems for introgression projects have focused on introgression of a single 
allele at a time followed by ‘gene stacking’ using pairwise pedigree mating schemes (Peng et al, 
2014a and 2014b).  Cameron et al (Cameron, Han et al. 2017) framed the introgression challenge 
in a cost time and probability of success framework and subsequently (Hu et al, 2018) developed 
an algorithm, dubbed the predicted cross value, to find crosses that minimize time and costs, 
while maximizing probability of success for introgression of up to 20 alleles.  A second direction 
for our future research on SCN will identify a subset of SCN QTL and sources of resistance 
alleles that should provide broad resistance to SCN races and will subsequently design an 
optimal breeding strategy to introgress all of the alleles needed to assure broad resistance in an 
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Appendix: Supplementary Tables 
The appendix includes supplementary tables has been submitted with this manuscript.  The first 
table describes controls and differentials used to confirm races of the cysts counted on the roots.  
The second table summarizes distinctions in the protocols used at each facility for determining 
numbers of cysts.  
Supplemental Table S1. Soybean cultivars used as differentials in each assay, as required 
for race confirmation of Riggs and Schmitt (1988).  Additional soybean cultivars and 








Pickett Method of Riggs and 
Schmitt (1988) 
Yes  
1, 2, 5 
Peking 
(PI548402) 
Method of Riggs and 
Schmitt (1988) 
Yes Yes 
1, 2, 3, 5 
PI 88788 Method of Riggs and 
Schmitt (1988) 
Yes Yes 
1, 2, 3, 5 
PI 90763 Method of Riggs and 
Schmitt (1988) 
Yes Yes 
1, 2, 3, 5 
PI 437654 Method of Riggs and 
Schmitt (1988) 
 Yes 
1, 2, 3, 5 
PI 209332 Method of Riggs and 
Schmitt (1988) 
 Yes 
1, 2, 3, 5 
PI 89772 Method of Riggs and 
Schmitt (1988) 
 Yes 
1, 2, 3, 5 
PI 548316 
(Cloud) 
Method of Riggs and 
Schmitt (1988) 
 Yes 
1, 2, 3, 5 
Lee 74 Method of Riggs and 
Schmitt (1988) 
Universal Susceptible Check 
1, 2, 3, 5 




Universal Susceptible Check 
1, 2, 3, 5 
PI 89772 Parent   1, 2, 3, 5 
PI 507422 Parent   1, 2, 3, 5 
PI 507354 Parent   1, 2, 3, 5 





1, 2, 3, 5 
PI 494182 Parent   1, 2, 3, 5 





Supplemental Table S2. Summary of methods, races, number of eggs used to inoculate individuals 
of recombinant inbred lines derived from five families at two core facilities. Also listed are dates for 





















































































































































CHAPTER 3.  OPTIMIZATION OF MULTIPLE ALLELES FROM MULTIPLE 
DONORS FOR SOYBEAN CYST NEMATODE RESISTANCE 
Haley R. Trumpy1 and William D. Beavis1 
1Deparment of Agronomy, Iowa State University, Ames IA, USA. 
 




  Trait introgression through backcross breeding enabled commercial seed companies to 
rapidly incorporate individual transgenes for herbicide resistance and corn borer resistance into 
elite lines while maintaining desirable polygenic agronomic traits.  Subsequently multiple 
transgenes have been backcrossed into recipient lines using established single gene backcross 
procedures coupled to intercrossing nurseries that ‘stack’ the genes into an agronomically 
acceptable genotype.  Herein we consider the related challenge of designing a breeding project to 
provide resistance to multiple races of soybean cyst nematode (SCN) through introgression of 
resistance alleles at seven quantitative trait loci (QTL) from five donors into a single 
agronomically acceptable and homozygous genotype. Designing an effective, efficient breeding 
project is framed as an optimization challenge to minimize cost and time and maximize the 
probability of success, where probability of success is defined as recovery of at least 95% of the 
recipient’s genome.  Results indicate that combinations of integer programming and use of the 
predicted cross value (PCV) are far more likely to meet the breeding objectives in less time for 






Soybean cyst nematode (SCN) (Heterodera glycines Ichinohe) is one of the major yield-
reducing pathogens of soybeans (Glycine max) (Tylka and Marett 2017).  Because it is a soil 
borne pathogen, it has been managed by introgression of resistance from unadapted germplasm 
accessions into agronomically acceptable varieties.  Only three sources of resistance have been 
used in varietal development projects for SCN resistance, PI 88788, ‘Peking’, and ‘Hartwig’.  
Alternate sources of SCN resistance are needed because the  developed varieties have been 
associated with responses of SCN populations through changes in race compositions in farmer’s 
fields (Colgrove, Smith et al. 2002).   Recently, we evaluated five families of recombinant inbred 
lines (RILs) that were developed to identify novel sources of SCN resistance for races 1, 2, 3, 
and 5 (Trumpy and Beavis, submitted and Chapter 2 of this dissertation).  We identified eight 
novel quantitative trait loci (QTL) associated with resistance to races 1, 2, 3, and 5.  Two of the 
QTL from the MIM and combined analysis found regions within rhg 1 on chromosome 18 (4 cM 
and 17 cM) and would be considered the same region.  Most of the identified QTLs were 
coincident with genomic regions associated with previously identified QTL and aggregated in 
SoyBase (Grant, Nelson et al. 2010).   The coincidence of QTLs associated with SCN races 
suggests that it should be possible to use marker assisted breeding to develop soybean varieties 
that will provide farmers with resistance to multiple races of SCN 
There are a couple of possible strategies for deploying SCN resistance alleles.  One is to 
use multiple iso-line varieties with a different set of resistant alleles in each iso-line and mix 
these to produce a multi-line variety (Browning and Frey 1969; Wolfe 1985).  The alternative is 
to develop and deploy a soybean variety that is resistant to multiple races by introgressing 




less time than the second but requires mixing of seed at seed production facilities. Multi-line 
varieties have not been successful in large scale production agriculture systems because each iso-
line exhibits slightly different phenotypes resulting in non-uniform crops and on farm challenges 
for cultivation and harvest. Multi-race resistant varieties will require greater time for soybean 
breeders to develop, but no changes to seed production facilities and will provide farmers with 
individual varieties that have desirable multi-race resistance and agronomic characteristics.  
Thus, the question is whether it is possible to design an effective and efficient trait introgression 
project to develop a multi-race resistant variety in a timely manner. 
Initially trait introgression was used to transfer a single allele from a donor to a recipient 
for a prescribed set of generations, depending on the expected proportion of the recipient’s 
genome that was desired, followed by self-pollination.  With the emergence of molecular 
markers, marker assisted backcrossing (MABC) became more effective and less time consuming 
(Collard and Mackill 2008).  Trait introgression using MABC became an industrialized process 
for transferring transgenic traits, such as Roundup Ready® herbicide tolerance.  As more 
transgenic traits were recognized as having the potential for value-added markets the 
introgression development pipelines were extended to include new herbicide tolerance genes 
such as Dicamba® and a second generation of glyphosate resistant genes, to create Xtend® 
soybeans, which have both Roundup Ready® 2 and Dicamba® alleles for herbicide resistance.      
Introgression of multiple alleles from multiple donors has become a realistic goal, but it 
is not clear if extending existing MABC pipelines to accommodate multiple alleles from multiple 
donors will be the most efficient or effective strategy.  The prevalent design that takes advantage 
of existing single gene introgression pipelines consists of four steps: single allele introgression, 




between the donors and a recipient plus four backcrosses to the recipient before inter-crossing 
the BC4F1 lines to ‘pyramid’ the alleles followed by self-pollination and identification of 
homozygous donor alleles and subsequent field trials to compare the isolines (Ishii and 
Yonezawa 2007; Peng, Sun et al. 2014; Peng, Sun et al. 2014).  Not only is this design used for 
creating ‘gene stacks’ by commercial plant breeding companies, it is also employed by the 
USDA ARS to introgress high oleic – low linoleic fatty acids in soybean seeds 
(www.ars.usda.gov/research/project/?accnNo=430563).   
The time it takes to develop lines with multiple alleles from multiple sources can be 
critical because potential sales can be lost if a competitor brings an equivalent value added trait 
to the marketplace first.  Thus, commercial breeding organizations have modified the MABC 
steps in the process to consist of no more than two generations.  Even though the breeding 
designs used to introgress multiple alleles from multiple sources have been implemented fairly 
recently (within the last ten years), they are still modifications of traditional marker assisted 
backcrossing and intercrossing, so we refer to the design consisting of the four-step introgression 
process as Traditional Introgression Breeding (TIB).   The TIB design requires ten or twelve 
generations, or about four years with access to off season nurseries, to develop trait introgressed 
isolines for field evaluations.  Can the TIB design be used to introgress SCN QTL in 10 to 12 
generations?  Are there other designs that can develop multi-race SCN resistance through 
introgression of SCN QTL in 10 to 12 generations and are more effective in terms of recovering 
more of the recipient’s genome and more efficient in terms of being less expensive? 
Bernardo suggested that for polygenic traits, Genomic Selection (GS) techniques, which 
do not require identification of QTL, could be employed for trait introgression (Bernardo 2009).  




Han et al. (Han, J. N. Cameron et al. 2017) demonstrated that if there are as many as 20 desirable 
alleles at 20 randomly distributed QTL in a maize-like genome, then it is more efficient and 
effective to introgress these from a donor to a recipient using an initial backcross generation 
followed by generations of intercrossing pairs of individuals selected for their best Predicted 
Cross Values (PCVs).  The PCV is an algorithm that determines the specific combining abilities 
among individual plants based on the complementarity of each individual’s marker loci with 
respect to meeting the genotypic goal.  This metric utilizes recombination frequencies between 
marker loci, the state of the alleles at the markers in each parent of a particular cross, and 
Mendelian inheritance.   
Cameron (Cameron 2017) utilized the PCV to investigate introgression of up to 30 
desirable alleles from multiple donors and proposed a design consisting of a heuristic Integer 
Programming (IP) method known as set covering to assemble all of the desirable donor alleles in 
at least two individuals followed by application of the PCV to decide which individuals should 
be crossed to create a genome with all of the desired genetic attributes including homozygous 
alleles at all donor loci.  We refer to this as the IP+PCV design.  Can the IP+PCV design be used 
to effectively introgress SCN QTL in 10 to 12 generations?  Is the IP+PCV design more effective 
and efficient for developing multi-race SCN resistance than the TIB design? 
The purpose of the research reported herein is to compare the TIB and IP+PCV designs 
to meet the breeding objective of introgressing multiple SCN resistance alleles from multiple 
donors into a single homozygous elite recipient variety with the expectation of developing at 
least one isoline variety that will be resistant to multiple races of SCN.  The comparison uses a 






The first step in designing the breeding project to introgress resistance to multiple races 
of SCN is to identify a minimal set of resistance alleles.  Criteria for such a decision include: 1) 
QTL identified in multiple experiments as supported by peer reviewed publications; 2) 
Identification of QTL using germplasm sources that have not been previously used to develop 
resistant varieties; 3) Presence of gene models in QTL regions that are annotated with 
information indicating pathogen resistance.  Based on these three criteria seven QTL were 
identified for introgression into a recipient (Table 1). 
Glyma.01g035800 is a leucine-rich repeat (LRR), that plays a role in defense 
mechanisms, including a significant role to nematodes (Jones and Jones 1997) and within this 
region another known QTL,  SCN 39-6 (Grant, Nelson et al. 2010).  Glyma.03g208900, which is 
located on chromosome 3, is part of the nodulation signaling pathway (Rehman, Ali et al. 2018), 
which has the potential to increase yield .  Glyma.04g079600 is a BURP containing protein 
located on chromosome 4 that contributes to plant development and stress responses (Wang, Wu 
et al. 2015) and within this region is another SCN QTL, SCN 44-5 (Grant, Nelson et al. 2010).  
Glyma.06g175100 was found on chromosome 6, this region of interest comes from Glycine soja 
(Zhang, Kjemtrup-Lovelace et al. 2017).  This is of interest because the PIs that were used, PI 
507354, PI 567516C, and PI 467312 detect the same gene model in G. soja to be responsible for 
a leucine rich repeat, which are known plant defense mechanisms. This suggests that in these 
sources the alleles responsible for this SCN resistance are from G. soja.  This could provide a 
novel source of SCN resistance.  On chromosome 17, there are several gene models of interest, 
Glyma.17g035400, Glyma.17g057100, Glyma.17g074000, and Glyma.17g042300, which are all 




range of developmental and physiological process, which mostly pertain to plant response to 
biotic and abiotic stress (Yu, Wang et al. 2016).  The final two QTL’s that were used for the 
introgression simulation was Rhg 4 and rhg 1 these are known resistance genes for SCN and are 
found on chromosome 8 and 18 respectively.   
Table 1.  List of candidate genes from combining all mapping studies to be utilized in 
future work.  The table includes the marker, location in centimorgans (cM), reason for 
selection and the source material and study used for determining the candidate gene. 
Race Family Identifier QTL 
position 
 
Gene Model  Description 
3 Williams 82 x 
PI 567516C  
QTL1 1: 52-74 Glyma.01g035800 Leucine Rich Repeat 










2 Hamilton x PI 
89772  
 









QTL4 6: 161 Glyma.06g175100 
 
Complex Regulatory 
Network for SCN from 
Wild Soybean; novel QTL 
 
1 Hamilton x 
PI507354 
 




Known Resistant Gene for 
SCN; CCA1-Like 
Proteins-stress response; 




1 Williams 82 x 
PI567516C  







WRKY Factors; SCN 16-
1; SCN 38-6 
 
1, 3, 5 Hamilton x PI 
507354; 
Williams 82 x 
PI 567516C; 




rhg1 18: 4-83 Rhg 1 
 Glyma.18g023500 
Glyma.18g023600 
Known Resistant Gene for 
SCN; LRR- coding 







In summary, QTL with the desirable alleles were located on chromosomes 1, 3, 4, 6, 8, 
17, and 18 (Figure 1). The alleles at these loci found in PI 507354, PI 567516C, PI 467312, PI 
89772, and PI 494182 are expected to provide resistance to races 1,2,3 and 5.   
 
Figure 1. Genomic locations of seven QTLs from five donor lines.  The “s” and “e” on the 
chromosome is for the start and end of each chromosome.  The location of each QTL is 
identified with the cM and the QTL identifier.   
 
The breeding objective was defined as introgressing the minimal set of seven SCN QTL 
from five donor lines into the background of one recipient line.  The definition of a successful 
outcome was defined as development of at least one homozygous genotype with a genome 
composed of all seven SCN resistance alleles from the five donors and at least 96% of the 
recipient’s genome.  Constraints on the design were to complete the project in fewer than d 
generations while minimizing the cost of the project.  Introgression projects need to be 
completed by a deadline, designated d, so that the developed introgression genotype(s) can be 




projects using the TIB are completed in four to five years with three generations per year, we 
constrain d for both strategies to 10 and 13.  The rationale behind this is to finish the IP+PCV 
before the TIB strategy. 
In order to compare TIB and IP+PCV  the following notation and definitions were 
adopted from (Cameron 2017). 
Let 𝑙 represent the total number of loci in the homozygous genomes of a set of donor 
lines 𝐺𝐷1,2,3…𝑘 and a recipient line 𝐺𝑅 .  All of the genomes are members within the same 
taxonomic group with a known genome G.  Notationally, this is represented as.
D1 D2 D3 D4 D5 R D1 D2 D3 D4 D5 R{G G G G G G | G G G G G G G}           l   .  The set 
𝑙 represents a set of loci from which a subset of marker loci (ml) are available.  For this study, we 
used a soybean genome that was organized into 20 linkage groups.   
The basic definitions and relationships (Figure 2) are: 
• 𝑝𝑙 are loci with polymorphic alleles and represent a subset of 𝑙, i.e. 𝑝𝑙 ⊂  𝑙; 
• All  𝑝𝑙 are located at 1 cM intervals on each linkage group; 
• 𝑚𝑙 are the marker loci and represent a subset of 𝑙 that can be assayed by a marker 
technology, i.e. 𝑚𝑙 ⊂  𝑙; 
• 𝑝𝑚𝑙 are marker loci with polymorphic alleles that represent the subset at the intersection 
of 𝑚𝑙 and pl, i.e. 𝑝𝑚𝑙 ≡ 𝑚𝑙 ∩ 𝑝𝑙; 
• 𝑞𝑡𝑙 are polymorphic loci representing QTL for the SCN where 𝑞𝑡𝑙 ⊂  𝑝𝑚𝑙; 
• 𝑙𝑙 are a set consisting of pairs of tightly linked 𝑝𝑚𝑙 spaced either 2 cM or 4 cM intervals 
flanking each 𝑞𝑡𝑙, 𝑙𝑙 ⊂ 𝑝𝑚𝑙, 𝑙𝑙 ∩ 𝑞𝑡𝑙 ⊂  ∅; 
• 𝑢𝑙 are loci that are not tightly linked to 𝑞𝑡𝑙 and are distributed uniformly at either 10 cM 




• 𝑍 represents the set of selectable marker loci, 𝑍 ≡ 𝑞𝑡𝑙 ∪ 𝑙𝑙 ∪ 𝑢𝑙; 
• 𝑛𝑚𝑎/𝑝 denotes the number of marker assays (𝑚𝑎) per sampled plant (𝑝), where each 
𝑚𝑎 assesses the genotypes at all 𝑍 loci; 
• 𝑑 represents the deadline in terms of generations, 𝑔 
 
Figure 2. Representation of the relationship between the loci (𝒍), polymorphic loci (𝒑𝒍), 
marker loci (𝒎𝒍), and polymorphic marker loci (𝒑𝒎𝒍), and the set of or marker loci (𝒁). 
 
 The genotypes at the subsets of loci are adopted from mapped soybean SNPs with two 
possible alleles at each locus.  When the alleles at each locus are compared there are two possible 
outcomes: the alleles are the same or monomorphic or the alleles are different or polymorphic 
and informative.  Consequently, genotypes can be represented as matrices: 
• 𝒑𝒍4599,2 represents a (4599 x 2) matrix of genotypes at 𝑝𝑙 
• 𝒁𝑛,2 represents a matrix of the genotypes at 𝑒𝑙, 𝑙𝑙, and 𝑢𝑙 
Let desirable alleles of 𝒁 to take the values of “1” for desired and “0” for undesired alleles, 
• 𝐽𝑛,2
𝑍  is a matrix of only desirable alleles in 𝒁 
• 𝐽4599,2
𝑝𝑙




This allows us to represent alleles at all loci except the ones with desirable alleles from the 
donors in the recipient lines as “1”.  The other alleles in the recipient line at the loci that are 
being introgressed from the donors are represented as “0”. 
TIB Design 
 The first phase is to complete seven single introgression projects for resistance to SCN 
until BC2F2.  After the seven iso-lines are created we will pyramid the lines together to create an 
F1.  The F1’s of each iso-line plus iso-line seven will be intercrossed until all seven QTL are in 
one F1 that represents all seven QTL for SCN resistance.  Then the F1 will be crossed to the 
recipient to aggregate all seven QTLs into one line before fixation.  After fixation of the seven 
QTLs, this line becomes the donor for a set of backcrossing to create new lines to be handed off 
for field testing (Figure 3).  During each crossing or self-pollination step 200 background 
markers plus two markers will be used to detect the QTL.    
 
Figure 3. Trait Introgression Backcrossing (TIB) design.  This shows the phases that need 
to be completed to stack the resistance of SCN in one donor.  The first step is to introgress 
the seven QTL from single donors in a recipient and the pyramid the QTLs together before 







 The first phase of strategy two is to cross all five donors to the recipient parent.  Next, all 
desirable alleles, i.e., those coded “1”, are aggregated into a set of at least two individuals for 
which the PCV is not zero.  In other words, all alleles in Z have at least one of the desired alleles 
in at least two complementary individuals.  This is accomplished by applying an integer 
programming technique known as set covering (Cormen, Leiserson et al. 2009) to select progeny 
in the initial generation to aggregate the desirable alleles at the seven QTLs into at least two 
individuals in which the PCV is not zero.  For set covering let 𝑋 be the set of the five donor lines 
that have the desired QTL for SCN resistance.  Initially 𝑈 =  𝑋.  𝐹 is a collection of possible 
subsets of individuals that have the QTL for SCN resistance.  Next, remove an individual that 
has the most SCN QTL from 𝑈 and place the individual in sets 𝑆 and 𝐶.  Then remove the next 
individual that has the most SCN QTL and is not a member of 𝐶 and add that individual to set 𝐶.  
Continue through this process until  𝐶 consists of a set of individuals that has a complementary 
set of the desired SCN QTL.  Make the appropriate complimentary crosses among the 
individuals in 𝐶 and restart the process until the next generation.  
Greedy set cover(𝑋, 𝐹) 
𝑈 = 𝑋 
𝐶 =  ∅ 
while 𝑈 ≠  ∅ 
select a 𝑆 ∈ 𝐹 that maximizes |𝑆 ∩ 𝑈| 
𝑈 = 𝑈 − 𝑆 





 Once set covering has combined alleles at all Z loci into a set of individuals for which the 
PCV does not equal zero, apply the PCV iteratively to select mates across no more than d 
generations or until 𝒁 =  𝑱𝒁.   
An additional constraint when breeding soybeans is to recognize that cross pollination is 
a skilled task that will not produce a large number of crossed seed from each pair of crossed 
individuals.  It is likely that a pollinator will be able to produce 15 to 30 seeds from each 
attempted mating between two individuals.   
Thus, decision variables that will affect costs include the number of background markers 
placed evenly across the genome (10 cM and 20 cM), numbers of seed produced per cross (15 or 
30 seeds) and total number of seeds to produce using all crosses per generation (100, 200 
…1000).   
Objective Model for IP+PCV 
 
 The objectives are represented in terms of cost, time and probability of success: 
 
min 𝜍 = 𝑐𝑘
𝑝 + 𝑐𝑘
𝑚,  
min 𝑔 | 𝑔 ≤ 𝑑,  
max 𝑃(𝑠), 
𝑐𝑘




𝑝 = ∑ {[($15.00/𝑝)𝑔(𝑛𝑝𝑔)]}
𝑡𝑧
𝑔=1 , 
𝑛𝑝𝑔|𝑃𝐶𝑉=0,𝑔≠𝑡𝑧 = 500, 
𝑛𝑝𝑔|𝑃𝐶𝑉=0,𝑔≠𝑡𝑧 ∈ {500, 1000, 1500, 2000, 2500, 3000}, 
𝑛𝑚𝑎𝑔≠𝑡𝑧 ∈ |𝑍|, 
𝑠 =  {𝑍 =  𝐽𝑍 ∩ (𝑝𝑙,1 ∙ 𝑝𝑙,2)/4599 ≥ 𝑝𝑟𝑝 ∩ 𝑡
𝑍 ≤ 𝑑}, 
𝑃(𝑠) = 𝑓𝑟𝑒𝑞(𝑠|𝑛𝑝𝑔) 
 
Lines 1-3 are the CTP objectives for the model.  The first line is the objective to minimize the 
cost of introgression of the seven QTL for SCN resistance conditional of a timeline, d.  The 




QTL on the timeline, g ≤ d.  The third line is the objective of maximizing the probability of 
success by achieving the introgression of the 7 QTL into the recipient recovering ≥95% of the 
recipient genome.  Lines (4) and (5) are the cost parameters for the mark analysis along with the 
cost of growing the progeny, this is summed across all the generations until the end generation is 
completed.  Line (6) is the number of progeny during the first phase, line (7) has the progeny for 
the second phase, and line (8) is the number of marker assays is equal to cardinality of Z.  Line 
(9) is the success of the project and line (10) is the frequency of success from the simulations that 
is determined by the frequency of success for each of the combinations of decision variables.    
Evaluation of CTP for TIB   
 
 To determine the success of the traditional backcrossing, i.e., probability of success will 
depend on the probability of fixing all seven QTL into the recipient line in a heterozygous state.  
The frequency for tracking all seven QTLs in this strategy is very low (1/(2^7)= 0.007813).  The 
number of markers that will be used in each generation of the TIB process is 202 markers which 
will include 200 markers to check for the recovery of the recipient genome plus two markers for 
SCN resistance.  The cost for DNA extraction and markers is $0.55 per sample.  The cost for 
growing each progeny out is $15.00 per individual.  The number of individuals will change for 
each for each stage in the process and will range from 8 individuals to 600.   These numbers 
were calculated on the probability and the normal distribution from (Sedcole 1977).  
Evaluation of CTP for IP+PCV 
Simulations were used to estimate costs, time and probability of success for introgression 
strategy IP-PCV.  Simulated data were generated 1000 times for each of 48 combinations (1 
strategy x 6 np x 2 densities of ul markers x 2 densities of ll x 2 initial F1 seeds).  The donor 




1).  These alleles were not present in the recipient line.  The recipient used for this was simulated 
to have either 505 or 280 (𝑢𝑙) marker loci that were unlinked to the 𝑞𝑡𝑙  for either every 10 cM 
or every 20 cM.  In total there were 4599 𝑝𝑙  throughout the genome. 
Results 
Results for TIB 
The time it would take to conduct the TIB strategy is 12 generations with a cost of about 
$575,000 and recovery 87.5 to 93.75% of the recipient genome. 
Results for IP+PCV 
 
 The number of generations averaged over the 1000 simulations that were required to 
create a homozygous genotype at all Z marker loci were less with fewer ul markers and ll 
markers spaced at 4 cM from the SCN QTL (Figure 4).  The number of generations were slightly 
less about 11 with larger numbers of progeny evaluated each generation.  
 
Figure 4. Average number of generations required to introgress SCN resistance to multiple 
races from five donor lines using the IP and PCV breeding strategy.  The vertical axis is the 
average (of 1000 simulations) number of generations required to create at least one 
genotype that is homozygous for resistance alleles from the donors at seven QTL and 














































The cost, averaged over the 1000 simulations, required to create at least one homozygous 
genotype at all Z marker loci were less with smaller numbers of progeny created and evaluated 
each generation and slightly reduced with fewer ul markers and ll markers spaced at 4 cM from 
the SCN QTL (Figure 5).   
 
Figure 5. Average cost required to introgress SCN resistance to multiple races from five 
donor lines using the IP and PCV breeding strategy.  The vertical axis is the average (1000 
simulations) cost required to create at least one genotype that is homozygous for resistance 
alleles from the donors at seven QTL and homozygous recipient alleles at closely linked and 
unlinked marker loci. 
Using the IP+PCV breeding strategy, the proportion of the recipient’s genome in the 
genotype created using Z marker loci in a thousand simulations was greater than 96% for all 
combinations of selectable markers, population sizes and numbers of progeny created each 
generation (Figure 6).    
From figures 4, 5, and 6 it is possible with the IP+PCV design, in 10 to 13 generations, 
















































of marker loci while requiring 30 seed to be produced per cross each generation and population 
of 500 for no more than $216,500.   
 
Figure 6. Average recovery of recipient to introgress SCN resistance to multiple races from 
five donor lines using the IP and PCV breeding strategy.  The vertical axis is the average 
(1000 simulations) recovery of the recipient required to create at least one genotype that is 
homozygous for resistance alleles from the donors at seven QTL and homozygous recipient 
alleles at closely linked and unlinked marker loci. 
 
Discussion 
Trait introgression programs have become like factories, so standards and protocols are 
put into place to ensure that conversions meet predetermined timelines.  We were able to 
compare the TIB and IP-PCV strategy based on the CTP framework.  However, the measure of 
success can be a loose term in the scenario of the TIB strategy.  Sometimes success can be 
measured as completing a conversion because the number of seeds the breeder requested with the 
trait are delivered on time.  This does not however, measure the success of recovering a certain 



























































seeds as the breeder requested, the success of recovering a percent of the recipient genome can 
be lost because the sample size is not large enough.  These conversions happen with easy to 
inherit traits for introgression, such as new herbicide tolerance or maintaining the native traits 
that are found within elite lines, or a combination of both. 
Success in terms of quantifying the proportion of recipient parent in the created 
genotypes is not defined.  This causes several disadvantages, such as getting to the stage testing 
process and discarding lines because it did not meet the qualifications, such as relative maturity 
for the recipient and finding that new line lacks the yield ability.  Due to the lack of creating 
enough seed to select plants that are at least 95% of the recipient genome, allows for the top few 
plants to be selected.  This could imply that a lesser percentage of the recipient genome is being 
selected in the advanced plants that are used in the pollination of the backcrosses.  Even though 
markers are being utilized we may be selecting more plants that have lesser percentage of the 
recipient genome to use in crossing to satisfy the number of seeds to hand-off in the end.   
Evidence of an unfavorable consequence of failing to define success in terms of 
maximizing recovery of the recipient genome is the well-known example of Roundup Ready® 1.  
The first introgressions of this herbicide trait into soybeans had a known reduction in yield of 
about 3.6 bushels/acre (Klingaman 2019).  Because of not selecting a high enough percent of the 
recipient genome, a yield limiting trait was introgressed with the herbicide tolerance gene.  
However, further research was done and new Roundup Ready® 2 gene was introduced and 
introgressed into soybeans, which did not cause reduction in yield.  Careful definitions of 





The IP+PCV strategy is appealing because it was developed in the CTP framework, but it 
does have some operational issues to address before implementing it.  For example, “nicking” 
between individuals selected to cross in both the IP and PCV phases may not occur because the 
individuals may not flower at the same time.   Or if the selected individuals for the cross in either 
phase do have overlapping flowering times, there may be difficulty in creating the number of 
seeds needed per cross as well as the number of crosses to create a sufficiently large number of 
progeny for the next generation.  If it was necessary to increase the seed before a cross, a 
generation would potentially need to be added and the trade-offs would need to be taken into 
consideration. 
Another challenge would be the re-training of technicians to understand the needs of the 
IP+PCV strategy for following detailed instructions for each cycle of the process.  Each 
individual plant would need to be identified for genotype purposes, so that decisions could be 
made to design the crosses that needed to be made.  This process will happen in a very short 
timeframe and attention to detail will impact the result of this strategy.   
An interesting perspective for future work on this topic would be to try and stack the 
multiple QTL from the multiple donors, but along the way release iterations.  As in releasing 
stepwise products that would help build the resistance until the full product with all donor QTLs 
is released because of the increased time.  This could potentially help in the evolution or shifts in 
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CHAPTER 4.  NUMBER OF SOYBEAN CYST NEMATODE QUANTITATIVE 
TRAIT LOCI  
 
Haley R. Trumpy1 and William D. Beavis1 




There have been at least 81 previous experiments to identify quantitative trait loci (QTL) 
associated with resistance to soybean cyst nematodes (SCN).  A QTL experiment that 
identifies a subset of the total number of QTL associated with a trait is conceptually similar 
to sampling a subset of balls in an urn.  If the locations of the QTL are reported, it is similar 
to marking the sampled balls and returning them to the urn.  Because it is possible to estimate 
the total number of balls in an urn by resampling the urn and determining the proportion of 
balls that were previously marked in the resampled urn, we hypothesized that the total 
number of QTL for SCN resistance could be estimated by applying resampling models to 
results from the many reported QTL experiments.  Resampling models were originally 
developed for estimating species abundance in defined habitats.  By treating previous QTL 
experiments as resampling experiments, it was estimated that there could be at least 82 QTL 
for resistance to SCN in the germplasm sampled to date.   
Introduction 
There have been 91 experiments conducted to identify quantitative trait loci (QTL) 
associated with variability for resistance to soybean cyst nematodes (SCN) (see Appendix A).   
The curators of SoyBase (Grant, Nelson et al. 2010) have aggregated results from 81 
experiments reported in 34 peer reviewed publications and report 203 QTL associated with SCN 




experiments were conducted with sources of SCN resistance that belong to two related groups in 
the USDA germplasm collection (USDA 2008).  Recently, we reported QTL from an additional 
ten experiments that were conducted to find QTL from novel sources of resistance in the USDA 
germplasm collection (Trumpy and Beavis, submitted).  We reidentified 11 QTL found in 
genomic regions previously reported as having QTL associated with resistance to SCN.   
Depending on recombination frequencies across the genome and the number and type of 
progeny used, each SCN QTL experiment conducted to date delineates 200 to 300 linkage blocks 
in which QTL could be identified.  The total number of QTL associated with SCN resistance 
from the germplasm collection evaluated to date are not uniformly distributed among the 
possible 200 to 300 linkage blocks.  When all 81 QTL experiments for SCN resistance are 
compared, the QTL overlap in 63 distinct genomic regions.  The 63 SCN QTL regions are not 
randomly distributed among the possible 200 to 300 linkage blocks, suggesting that there are a 
finite number of SCN QTL less than 200.  However, because eight novel QTL were identified in 
the ten most recent SCN QTL experiments, the total number of segregating QTL that can be 
expected from germplasm accessions is likely more than 63.  How many novel QTL should we 
expect to find if we continue to sample the USDA germplasm collection that has been 
characterized for SCN resistance?    
 If we know the probability of identifying a QTL, i.e., the power of the QTL experiment, 




    (1), 
 where n is the number of QTL identified in a QTL experiment and p is the probability of 




we find in small samples of progeny in families derived from crosses of homozygous lines 
(Beavis, 1994), then N̂ 60= .  However, we do not know p, so we need to estimate it.  
In 1812 Laplace (Laplace 1812) demonstrated that if two sampling experiments are 
conducted in which balls in an urn are marked and returned to the urn in the first experiment, 
followed by a second sampling of the urn, the results of both experiments can be used to estimate 











   (2), 
where 
1n is the number of balls identified, marked and returned to the urn in the first sample, 2n
is the number of balls in the second sample and 
2m is the number of marked balls in the second 
sample.  In ecological research (2) is known as the Peterson-Lincoln estimator of species 
abundance (Petersen 1896; Lincoln 1930)  It is trivial to substitute QTL for balls in the 
definitions of 𝑛1, 𝑛2, 𝑎𝑛𝑑 𝑚2, but assumptions about the analogy need to be considered.  First, the 
population is closed. For QTL studies this is interpreted as the total number of loci that could 
segregate in families derived from crosses among genotypes in the reference germplasm does not 
change.  Second, QTLs that are identified in the first experiment are marked (recorded in a 
database) and the data representing the identified genomic regions does not change, i.e., the 
integrity of the QTLs recorded in the database is maintained. Third, QTLs identified in the 
second experiment that were initially identified in the first experiment are correctly recognized 
as having been identified in the first experiment.  Fourth, the probability of identifying QTLs are 
the same for each experiment. 
The last assumption is the most difficult to justify when comparing two or more QTL 




different model that includes parameters for heterogeneous power among QTL experiments is 
needed.  Also, it is likely that the probability of detecting QTLs are not the same for each QTL 
within each experiment.  For example, most QTL experiments identify QTL on the proximal end 
of chromosome 18 and include the rhg1 locus.  Thus, the model needs to include parameters that 
recognize heterogeneous probabilities of identifying individual QTL.  Ecologists developed 
models that include parameters that could be adopted for different powers of identification 
among experiments and among QTLs within experiments.  However these models do not have 
closed form solutions such as the Peterson-Lincoln model  (Pollock 1974; Otis, Burnham et al. 
1978). 
Darroch (Darroch 1958) recognized that there are four possible outcomes for the second 
sampling of balls in an urn: (1,1); (1,0); (0,1); and (0,0), where the first outcome is that a ball is 
identified in both sampling experiments, the second outcome is that a ball is sampled in the first, 
but not the second,  the third outcome is that a ball is not sampled in the first, but is in the 
second,  and the fourth outcome is that the ball is not sampled in either experiment.  The possible 
outcomes can be modeled as a multinomial probability distribution:   
f(n1, n2, m2 ; N, p1, p2)   =  
2 1 2 2 2 N-
1 2 1 2 1 2 1 2
2 2 2 1 1
N!
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where parameters other than r were defined in (2) and r is defined as the total number of 
previously identified QTLs.  Thus, N-r represents the total number of QTL that have not been 
previously identified.  More generally the probability of identifying (x1, x2, x3, …xk) QTL in the 
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Data for the results of QTL identification in each of the k experiments can be represented 
as a history matrix, designated X, where the columns represent the k experiments and the rows 
are the identified QTL for each of the experiments.  Each element of X is represented as “0” 
absent or “1” present for each xij, i.e., QTL by experiment combination.  The Likelihood of the 











If we define f0 = N-r, as the number of QTL that were not identified in the k experiments then (4) 
is proportional to  
0
1-k0
i 1 j 1 j ij
0
( )!












and can be used to obtain maximum likelihood estimates of f0 and N, by constraining the estimate 
of N̂  r ; a logical constraint for computation of the maximum likelihood estimate of N.   
With the definition of the likelihood and the organization of observed outcomes in X, 
various models described first by (Otis, Burnham et al. 1978) can be evaluated for their relative 
abilities to estimate N.  For example, consider first a model in which the probability of 
identifying QTL is the same among QTL experiments and the probability of identifying one QTL 
is the same as the probability of identifying any other QTL.  Designate this model as M0.  The 








Next consider a model in which the probability of identifying one QTL is the same as the 
probability of identifying any other QTL within an experiment, but the probability of identifying 
QTL varies among QTL experiments.  Designate this model as Me, where e indicates that each 
experiment has a different power to identify QTL.  The likelihood of the data arising from model 
Me is 















Last consider a model in which the probability of identifying each QTL is not the same as the 
probability of identifying any other QTL, although the power of each QTL experiment is same 
from one experiment to the next.  Designate this model as Mh, where h indicates heterogeneity 
among probabilities of QTL being identified.  The challenge with this model is that it is over 
parameterized.  The number of QTL identified across experiments, e.g., 203 is large and the 
number of QTL identified within each experiment is small. A mixed model approach that allows 
the maximum likelihood algorithm to sample from a mixture of A probabilities with mixing 
proportions equal to 
a  enables the calculation of the Likelihood of Mh (Agresti 1994; Norris 
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) = 𝜇 + 𝜍𝑖𝑎, where ia is a random effect for QTLi with a = 1,2,3…A with probabilities 




The purpose of preliminary research reported herein was to investigate the ability of 
models M0, Me and Mh to estimate the total number of QTL from multiple QTL experiments.   
Methods 
The approach for the investigation consisted of estimating QTL using the three models 
for simulated QTL from 31 bi-parental Recombinant Inbred Line (RIL) families and for 
previously identified SCN QTL reported in SoyBase and Chapter 2 of this dissertation. 
History Matrix of Simulated QTL   
Genotypes of 31 pairs of homozygous founder lines used in the SoyNAM  (Song, Yan et 
al. 2017; Diers, Specht et al. 2018) investigations were randomly sampled without replacement 
to create bi-parental crosses in silico. The 31 bi-parental crosses were used to simulate F5 derived 
RILs with 125 RILs per family.  Throughout the genome of 20 linkage groups, 70 single 
nucleotide polymorphism (SNP) markers were randomly designated as QTL for SCN resistance.  
If the allele at each QTL was the same as the reference Williams 82 allele, it was designated as a 
susceptible to SCN allele.  Additive genetic effects representing 1/70th of the total genotypic 
variance among RILs within each family were assigned to each of the alleles at each QTL. If a 
QTL was not segregating in the family, the additive effect was assigned to the allele that was 
fixed at the locus.  Because families had different numbers of segregating QTL, the power to 
identify QTL varied from family to family, although the magnitude of additive effects among 
QTL within families did not vary.   The genotypic variance among RILs within families was 
responsible for seventy percent of the total phenotypic variance. Non-genetic effects were 




phenotypic variance.  Phenotypes were simulated to represent cyst counts with an average 
number of 100 cysts across all families.   
The simulated phenotypic and genotypic data for each family were analyzed with a 
multiple interval mapping model, (MIM) using the ‘rqtl’ package (R Core Development Team, 
2013). The results from the QTL analyses were then plotted in Excel to identify overlapping 
QTL on each of the 20 linkage groups.  If part of QTL regions identified in two or more families 
overlapped, then they were considered as the same QTL.  These interpretations of identified QTL 
data were then used to delineate QTL and create the history matrix, X.  The history matrix 
consisted of the 31 columns, each representing j = 1,2,3 … 31 experiments, and 48 rows of 
overlapping QTL (Appendix B).   
History Matrix of Experimental SCN QTL 
Dr. David Grant, a curator of SoyBase (Grant, Nelson et al. 2010) provided a file that was 
extracted from SoyBase using a query language script.  The file contained information on 203 
QTL for SCN published prior to September 2018.  Eighteen additional QTL from ten additional 
QTL experiments reported in chapter 2 of this dissertation (Trumpy and Beavis, submitted) were 
added to the file.   
 Each QTL was plotted in Excel per the 20 linkage groups.  The QTL that were plotted 
were different intervals because some were mapped with composite interval mapping, some with 
multiple interval mapping, and some were marker trait associations.  However, other 
confounding results occurred with the QTL, some the QTL were in the exact same location for 
one publication and could not be separated into a different experiment.  This was due to some of 




aggregated across races for each family and some reported QTL aggregated across both family 
and race combinations.  The guidelines that were used to determine if the QTL overlapped in a 
plot, were if they physically overlapped, or they were in proximity of each other, in which a 
group could be clearly seen.   
The rules for assigning QTL to common bins were then used to delineate QTL and create 
the history matrix, X.  The history matrix consisted of j=1,2,3 … 50, columns, and 63 bins of 
identified QTL in each row (Appendix C).    
Estimation of N 
The three models, M0, Me, and Mh for each of the two history matrices were evaluated 
using the package RMark (R Core Development Team, 2013).  RMark (Laake and Rexstad 
2014) is an interface between R and MARK (White and Burnham 1999), a software package for 
analysis of history matrices.  RMark provides an interface for specifying the model and history 
matrix (Cooch 2008).  The software commands developed in RMark is provided in Appendix D 
and the X matrices in Appendices B and C.  Comparisons among models applied to each history 
matrix were based on  Akaike information criterion corrected (AICc) for small sample bias 
(Hurvich and Tsai 1989).  The AICc model is 
𝐴𝐼𝐶𝑐 = 𝐴𝐼𝐶 +
2𝐾(𝐾 + 1)
𝑛 − 𝐾 − 1
 
Results 
 The 31 simulated QTL experiments identified a total of 170 QTL among the studies and 
were grouped into 48 overlapping QTL bins.  The best model for estimating the number of 




provide the same probability of identifying a QTL in any one experiment.  The estimated total 
number of QTL (N) was 48 with a 95% confidence interval from 48 to 54, which is significantly 
lower than the actual number simulated (70).   
Table 1. Comparison of models M0, Me and Mh for 70 simulated QTL evaluated in 31 QTL 









     Lower     Upper 
M0 
 
48 2 878.5 784.16 0.85 48 54 
Me 48 32 899.0 743.29 0.82 48 54 
Mh 
 
48 4 878.5 784.16 0.85 48 54 
 
The 50 experimental QTL studies used in the history matrix identified a total of 221 QTL 
in 63 overlapping QTL bins.  The best model for estimating the number of QTL was Mh (Table 
2).  The estimated total number of QTL (N) is 82 with a 95% confidence interval from 73 to 101.   
Table 2. Comparison of models M0, Me and Mh for experimentally identified QTL 50 QTL 
experimental reports compiled from ten SCN QTL experiments reported in Chapter 2 and 
curated from published SCN QTL experiments in SoyBase (Grant, Nelson et al. 2010).   
Model N-hat Number of 
parameters 





     Lower     Upper 
M0 
  
69 2 889.96 827.44 2.87 65 78 
Me 68 51 909.90 747.68 2.79 65 77 







Only the M0, Me, and Mh were investigated in this preliminary study to decide if Beavis’ 
conjecture (Beavis 1994) was worthy of further investigation.  This preliminary analysis 
indicates that resampling methods could be helpful to determining the number of segregating 
QTLs among a set of germplasm accessions, which in turn would help researchers decide if 
further QTL experiments will identify more QTL. 
Because the history matrix created with simulated QTL experiments was best explained 
by a model that was consistent with the manner in which simulations were conducted, we have 
some confidence resampling models can be used to estimate the number of QTL from multiple 
QTL experiments.  However, the estimate of the number of QTL is equal to the number of QTL 
bins, which is much less than the actual number of simulated QTL.  This is due the uniqueness of 
the individual QTL, as in the estimation of the QTL is a function of the unique individuals 
encountered over experiments and the probability of encountering at least once.  Because the 
estimate of N is equal to r, the total number of QTL bins indicates that there are no QTL bins 
with a QTL identified in a single experiment occupying the bin.  Thus, it may be that actual 
number of segregating QTL in the 31 families is 48.  In other words, 22 of the designated QTL 
did not segregate in any of the 31 families.  Additional simulations with families that are 
segregating for all 70 QTL should be conducted and results added to the history matrix to see if 
the model continues to identify the actual number of segregating QTL.  Future investigations of 
resampling methods should consist of simulations that have both varying power to identify QTL 
among QTL experiments and varying probabilities of QTL identification.  This suggested third 





In the experimental QTL history matrix there were 39 bins occupied with QTL that were 
not identified in more than one experimental report.  These data are biased because 18 published 
QTL experiments found QTL for multiple races in the same region, but did not differentiate 
unique combinations of families x race QTL experiments.  Thus, the number of overlapping 
QTLs are reduced relative to the total and the estimate of N will be larger than the actual 
number.  We should also note that the confidence interval for the experimental data is quite 
large.  The lower bounds of the confidence interval cannot be less than the number of bins, but 
the upper bound will be larger because it is computed with information matrix under the 
assumption of normality.    
In summary, the third assumption for estimating N using resampling methods is violated 
by using inaccurate information from published SCN QTL studies. Even if publications correctly 
report QTL locations for each distinct family x race experiments, it is likely that the rules 
developed to declare QTL identified in multiple QTL experiments will violate the third 
assumption for using resampling to estimate N.  Thus, before further application of models 
previously developed for estimating species abundance, new models that address the uncertainty 
associated with overlapping QTL need to be developed.  For example, the new models might 
weight overlapping QTL according to the size of overlapping genomic regions and the estimated 
recombination within QTL regions.    
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Appendix A: Previous Studies 
There have been 91 experiments conducted to identify quantitative trait loci (QTL) associated 
with variability for resistance to soybean cyst nematodes (SCN).  Of the 91, 81 the experiments 
come from the first 34 peer reviewed articles found in SoyBase (Grant, Nelson et al. 2010) and 
are the first 34 listed in the table.  The last article in the list (Trumpy and Beavis, submitted) has 
10 experiments and has been submitted.     
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Appendix B: History Matrix of Simulated QTL 
History matrix of simulated quantitative trait loci (QTL), from 31 founder lines in the SoyNAM 
project.  Each column represents an experiment, while each row represents 48 overlapping QTL.  
Each QTL is identified of being in the experiment by either “0” for absence or “1” for presence.  
 
C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31
0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 1 1 1 1 1 0 1 1 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 1
0 0 1 0 0 0 0 0 0 1 1 0 0 0 1 1 0 0 0 0 0 1 0 0 0 0 0 1 1 0 1
0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1
0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 1 0 0 1 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 1 1 0 0 0 1 0 0 0 0 1 1 0 1 0 1 0 1 0 0 0 0 1
1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
1 1 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 1 0 0 1 1
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0
0 1 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 1 0 1 1 0 0 1 0 0 1 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 1 1 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 1 0 0 1 0 0 0 0 0 0 1 0 0 1 0 1 1 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
0 0 0 0 0 1 1 0 1 1 0 1 0 1 0 0 1 0 0 0 1 0 1 0 0 0 0 1 1 1 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0
1 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 1 0 0 0 0 1 1 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 1 1 1 0 0
0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0




Appendix C: History Matrix of Experimental QTL 
History matrix of experimental data, each column represents an experiment (50), while each row 
represents 63 overlapping QTL.  Each QTL is identified of being in the experiment by either “0” 





C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 C16 C17 C18 C19 C20 C21 C22 C23 C24 C25 C26 C27 C28 C29 C30 C31 C32 C33 C34 C35 C36 C37 C38 C39 C40 C41 C42 C43 C44 C45 C46 C47 C48 C49 C50
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 1 0 1 0 1 1 1 0 0 0 1 1 0 1 0 0 1 0 0 0 0 1 0 1 0 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0
1 1 1 1 0 0 1 1 1 1 0 1 1 0 1 1 1 0 1 1 1 0 1 1 1 0 1 0 1 1 1 1 0 1 1 1 1 1 1 1 0 0 0 1 0 1 1 1 1 1
0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0




Appendix D: R Code 
This is the R script used to perform the data analysis please reference (Laake and Rexstad 2014) 
for further detail. 
library(RMark) 
#Import own csv file 
setwd("C:/Users/u735784/OneDrive - Syngenta/Thesis/PhD/Recapture Closed Populations") 
 
example3<-import.chdata("fulldata_v2.txt", header= TRUE, field.names= NULL, 
field.types=NULL) 
 
run.example3 <-function() { 
#Data parameters 
f0s <- list(formula=~1, share=TRUE) 
ft <- list(formula=~time, share=TRUE) 
pmixture=list(formula=~mixture) 
 #Capture Closed models 
m0 <- mark(example3, model='Closed', model.parameters=list(p=f0s)) 
mt <- mark(example3, model='Closed', model.parameters=list(p=ft)) 
#Closed Heterogeneity models 
mh <- mark(example3, model='HetClosed', model.parameters=list(p=pmixture)) 
return(collect.models())} 
 
example3.models <- run.example3() 









CHAPTER 5. GENERAL CONCLUSION 
The overall theme of the research reported in this dissertation was to discover and translate 
new genetic knowledge about genetic resistance of soybean cyst nematode (SCN).  This was of 
interest because in soybean many commercial varieties come from one main source, PI 88788.  
With only a single source being used for resistance, nematode populations have evolved, causing 
farmers to seek other sources of resistance (Colgrove, Smith et al. 2002).  Using families of RILs 
derived from novel sources of SCN resistance, PI 507354, PI 567516C, PI 467312, PI 89772, and 
PI 494182, we identified 11 QTL that overlapped with QTL that had been previously identified 
and curated in SoyBase (Grant, Nelson et al. 2010) as well as 8 novel QTL. A practical implication 
of the results is that it should possible to combine resistance alleles from multiple sources at 
multiple QTL to provide future soybean varieties with resistance to multiple races of SCN.  Since 
most of the identified QTL were coincident with previously published QTL it is likely that there 
is a limit to the number of QTL associated with SCN resistance.   
The second project of the dissertation began to address the concern raised by Bernardo 
about QTL residing in publications rather than improved varieties (Bernardo 2008).  Based on a 
subset of the results from the first project, the second project of this research investigated the 
potential to design an effective and efficient breeding program to introgress resistance alleles at 
multiple QTL from multiple donors to confer resistance to multiple races of SCN.  Seven QTL for 
SCN resistance were selected for introgression into an agronomically acceptable recipient line.  
Criteria for selecting the QTL included: 1) QTL identified in multiple experiments as supported 
by peer reviewed publications; 2) Identification of QTL using germplasm sources that have not 
been previously used to develop resistant varieties; 3)   Presence of gene models in QTL regions 




are discovered, they may not be aggregated in one donor.  Introgression of multiple alleles from 
multiple donors is the type of goal that may be needed in the future.  The question is whether a 
Traditional Introgression Backcrossing (TIB) design can achieve the goal or would it be better to 
use with an integer programing plus predicted cross value (IP+PCV) design. 
These two different breeding designs were compared in a cost, time, and the probability of 
success (CTP) framework.  The comparison of these two designs indicated that it will require 12 
generations to complete the TIB design to introgress seven QTL from five sources of SCN 
resistance and it will cost $575,000 with recovery of 87.5% of the recipient genome. With the 
IP+PCV design, in 10 to 13 generations, more than 96% of the recipient genome will be recovered 
regardless of the number and spacing of marker loci while requiring 30 seed to be produced per 
cross each generation and population of 500 for no more than $216,500.  These results demonstrate 
that defining the project objectives, will allow for an effective and efficient design to be used, 
compared to forcing established introgression pipelines to accommodate TIB designs.  The value 
of designing efficient and effective designs using principles of operations research, plant breeders 
will be able to evaluate future project in the CTP framework to find better ways to allocate 
resources into the different breeding activities.  
The third project was motivated by the results in the first project that indicated most of the 
QTL from germplasm accessions used to date were in regions that had previously been published 
(Grant, Nelson et al. 2010), suggesting that there is a limit of QTL associated with SCN resistance 
in the USDA germplasm collection.  Beavis (1994) suggested that this type of question could be 
addressed using ideas from Laplace more than two centuries ago, revisited by Darroch (1958) as 
a multinomial probability challenge and developed more thoroughly using likelihood mixed 




These models are known as capture-recapture and have several assumptions that we were able to 
frame to our QTL study.  We treated each QTL experiment as a capture and were able to construct 
the X matrix consisting of the history of QTL identification for SCN resistance and used this to 
estimate the number of QTL (N) that are likely to exist in the germplasm that has been used to 
identify QTLs.  Three models were used to estimate N from the history of QTL identification 
experiments, M0, Me, and Mh.  The M0 model is the probability of identifying QTL is the same 
among QTL experiments and the probability of identifying one QTL is the same as the probability 
of identifying any other QTL.  The Me model is the probability of identification from one 
experiment to another varies, but all QTL identified in one experiment are the same.  The Mh 
includes parameters for different probabilities for identification of each QTL but are constant over 
all QTL experiments.  Based on AICc values Mh was the best model,  
There are other models that still need to be investigated.  For example, a model 
designated as Mth by Otis et al (Otis, Burnham et al. 1978) which includes parameters for 
different probabilities for identification of each QTL that are allowed to vary from one 
experiment to the next.  By utilizing this model, it should be possible to identify major QTLs in 
the germplasm evaluated to date.  These models should also be useful in future studies to 
determine if more QTL studies with novel germplasm will identify significant numbers of novel 
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